Many types of zeolites such as beta (hereinafter, BEA), CHA, LEV, RUT, and MFI were successfully synthesized by interzeolite conversion of FAU, BEA, and LEV type zeolites as starting materials under various hydrothermal synthesis conditions. The crystallization rates of zeolites using such starting zeolites were notably elevated compared to rates observed in conventional hydrothermal syntheses using amorphous aluminosilicate gels. This characteristic enhancement in the crystallization rate results from the generation of locally ordered aluminosilicate species (nanoparts) through the decomposition/dissolution of the starting zeolite, resulting in assembly and evolution into another type of zeolite. The structural similarity between the starting zeolite and the final crystallized zeolite is a crucial factor for interzeolite conversion. These findings strongly indicate that the interzeolite conversion route is an attractive strategy for zeolite synthesis and zeolite design will be possible after methods to selectively assemble the nanoparts are established.
Introduction
Zeolites are a class of microporous crystalline aluminosilicates with a special type of pore system that are widely used in adsorption, catalysis, and ion-exchange applications. This diversity of applications is possible because of their unusual properties such as unique framework, high internal surface area, solid acidity, and molecular sieve and ion-exchange properties.
In general, medium-to-large pore size and high-silica zeolites are synthesized by hydrothermal treatment of amorphous aluminosilicate hydrogel as a starting material in the presence of various organic structure-directing agents (OSDAs). According to the International Zeolite Association (IZA), 206 framework types of zeolites have been registered until now 1) . However, the OSDAs occlude the cages and pores in the final zeolite, and must be removed, generally by calcination at high temperatures, which generates harmful gaseous pollutants. Furthermore, the use of expensive OSDAs also increases the cost of the zeolite. Therefore, recent development toward OSDA-free zeolite synthesis using seed crystals has attracted considerable attention, and several research groups have succeeded in OSDA-free synthesis 2) 11) .
In most zeolite syntheses, an amorphous phase is directly converted to a given type of zeolite, but the transformation is usually gradual and follows the sequence: amorphous phase less stable zeolite most stable zeolite. On this basis, several researchers have pointed out the high potential of another method for zeolite formation, based on the hydrothermal conversion of one zeolite type into another type (interzeolite conversion) 12) 29) . This study describes our recent investigations of the synthesis of several types of zeolites by interzeolite conversion of FAU (the three characters indicate the framework type code), beta (hereinafter, BEA), and LEV type zeolites in the presence and absence of OSDAs 30) 44) , and reviews the potential of interzeolite conversion as an alternative method for zeolite synthesis.
Interzeolite Conversion in the Presence of OSDA

1. Effects of Hydrothermal Synthesis Conditions
Hydrothermal conversion of FAU type zeolite into BEA type zeolite was carried out in the presence of tetraethylammonium hydroxide (TEAOH), a typical OSDA for the synthesis of BEA type zeolite, which is one of the most industrially important zeolites. Figure 1 shows that the use of FAU type zeolite as a starting material achieved enhanced crystallization rate compared to amorphous aluminosilicate hydrogel prepared from fumed silica and γ-alumina 30) . Such enhancement in the crystallization rate of BEA type zeolite is due to the locally ordered aluminosilicate species (nanoparts) formed by decomposition/dissolution of FAU type zeolite. Nanopart assembly in the presence of a specific OSDA results in rapid crystallization and high selectivity for a particular zeolite. These results led us to the hypothesis that the structure of the nanoparts can be modified by changing the OSDA, which is also used as an alkali source for decomposition of zeolite. Therefore, the hydrothermal conversion of FAU type zeolite was carried out with various OSDAs ( Table 1) .
Use of tetramethylammonium hydroxide (TMAOH), benzyltrimethylammonium hydroxide (BTMAOH), and choline hydroxide (Choline) resulted in the formation of highly crystalline and pure RUT, CHA, and LEV type zeolites, respectively 31 ),32), 34) . The framework structures of these zeolites are shown in Table 2 . High-silica CHA type zeolites, SSZ-13, are generally synthesized from amorphous aluminosilicate hydrogels in the presence of expensive N,N,N-trimethyladamantammonium cation (TMAda ), but we found that BTMAOH is an alternative OSDA to TMAda . On the other hand, higher synthesis temperature yielded MTN type zeolite 35) . Further addition of NaOH yielded high-silica OFF type zeolite with no or very little ERI type zeolite 36) . The framework structures of OFF and ERI are closely related, so stacking faults or intergrowth of these two zeolites are well known to be very common.
RUT type zeolite was also obtained from BEA type zeolite in the presence of TMAOH 41) . The crystallization curves from both FAU and BEA type zeolites with a Si/Al ratio of 77 are presented in Fig. 2 . Crystallization from BEA type zeolite was achieved within 7 days, whereas prolonged crystallization time was needed for FAU type zeolite. Taking into account the fact that an induction period was observed for FAU-RUT interzeolite conversion, we suggest that the crystallization rate of RUT type zeolite from BEA type zeolite is faster than that from FAU type zeolite. These results strongly indicate that the structure and concentration of nanoparts formed by decomposition/dissolution of starting zeolite are modified by the framework structure of the starting zeolite.
Addition of Seed Crystals to FAU-BEA
Interzeolite Conversion In general, adding seed crystals of the desired zeolite phase to the starting synthesis gel is well recognized to enhance the crystallization rate. Moreover, this metod can also control the crystal size distribution. Although the mechanism of crystallization rate enhancement has not been clarified, two explanations have been offered: increased surface area due to the addition of seed crystals results in increased and faster consumption of reagents, or seed crystals promote nucleation through some secondary nucleation mechanism 45) 48) . Figure 3 shows the X-ray diffraction (XRD) patterns of the products obtained at various crystallization times in the absence and presence of BEA seed crystals 38) . Considerable differences were observed in the decomposition/dissolution behavior of the starting FAU type zeolite. In the absence of seed crystals, the diffraction peaks corresponding to FAU type zeolite were clearly observed even after hydrothermal treatment for 2 h, but these peaks disappeared completely after 1 d, whereas strong diffraction peaks assigned to BEA type zeolite were clearly observed after hydrothermal treatment for 3 d. On the other hand, in the presence of seed crystals, the diffraction peaks of FAU type zeolite disappeared completely after hydrothermal treatment for 2 h. Surprisingly, the diffraction peaks corresponding to BEA type zeolite was clearly observed after 2 h, and peak intensities hardly changed with longer hydrothermal treatment time, indicating that the crystallization rate of BEA type zeolite was extremely high. Furthermore, the enhancement in the crystallization rate 38) .
S e e d -a s s i s t e d O S D A -f r e e I n t e r z e o l i t e Conversion
1. FAU-LEV Interzeolite Conversion
All the above results strongly suggest that desired zeolites can be synthesized using seed crystals in the absence of OSDA if the starting FAU type zeolite is decomposed/dissolved into nanoparts with chemical structures suitable for crystallization into the desired zeolite. Therefore, we applied the interzeolite conversion method to the OSDA-free zeolite synthesis. Figure 4 displays typical results of transmission electron microscope/energy dispersive X-ray fluorescence spectrometer (TEM/EDX) analysis of the LEV type zeolite crystals obtained from the OSDA-free conversion of FAU type zeolite in the presence of noncalcined LEV seed crystals with a Si/Al ratio of 10.7 ( Table 3) 39) . The TEM image shows the presence of smaller crystals within the larger crystals of LEV type zeolite, indicating that this LEV type zeolite possesses a peculiar core/shell structure. The smaller crystals are possibly partially decomposed/dissolved seed crystals. The EDX analysis revealed that the Si/Al ratio of the shell (4.1-4.4) was lower than that of the core (5.5-6.4), indicating a thin Al-rich shell is wrapped around the core. The Al-rich shell is considered to be formed from the Al-rich aluminosilicate species produced by the decomposition/dissolution of the starting FAU type zeolite under highly alkaline conditions. The Si/Al ratio of the core was lower than that of the seed crystals, indicating that dissolution of seed crystals also partially occurred during the conversion process. Pure LEV type zeolite was reproducibly obtained only in the presence of non-calcined seed crystals, so the presence of the choline cation in the zeolitic pores of the seed crystals in the conversion process may be important. The crystallization rate of a zeolite can be increased by adding seed crystals and such rate increase is due to a higher surface area and/or promotion of nucleation through some secondary nucleation mechanism, suggesting that the hydrothermal stability of seed crystals is very important. Therefore, the hydrothermal stability of the seed crystals was investigated by comparison of the XRD pattern of the product obtained from conversion of FAU type zeolite in the presence of non-calcined seed crystals (after hydrothermal treatment time of only 30 min) with the XRD pattern of the product obtained using calcined seed crystals. In the product formed with non-calcined seed crystals, diffraction peaks typical of the LEV phase were clearly observed, whereas the peaks due to the FAU phase disappeared completely. In contrast, in the product using the calcined seed crystals, no distinctive peaks were observed ( Table 3 ). These results demonstrate that the choline cation-containing LEV seed crystals are more stable than the calcined crystals and consequently, the crystal surfaces of the non-calcined seed crystals contribute to the crystal growth of LEV type zeolite 39) . Based on these results, we also achieved OSDA-free FAU to MAZ interzeolite conversions in the presence of non-calcined MAZ seed crystals with a Si/Al ratio of 3.88 (Table 3 ) 40) . Table 2 lists the framework structures and composite building units of several zeolites as s u m m a r i z e d i n t h e d a t a b a s e o f t h e S t r u c t u r e Commission of IZA 1) . Recently, common composite building units between the seed zeolite and the finally crystallized zeolite from the seed-free starting gel were proposed to be the crucial precursors for crystal growth in the seed-assisted OSDA-free zeolite synthesis 49) . The starting FAU type zeolite contains the composite building units sod and d6r, the final LEV type zeolite contains d6r (the common building unit with FAU type zeolite), BEA type zeolite contains mor, bea, and mtw, and MAZ type zeolite contains the dsc and gme units. Although FAU and BEA or FAU and MAZ seem to have no common composite building unit, a common four-membered ring (4 MR) chain is observed in the composite building units of d6r, bea, dsc, and gme, which may act as the common building unit. These results strongly suggest that the structural similarity between the starting zeolite (FAU) and the final crystallized zeolite ( BEA, LEV, and MAZ) is the crucial factor for zeolite crystal growth. To further understand the interzeolite conversion process, we examined the interzeolite conversion of FAU and BEA type zeolites in the absence of OSDA under various hydrothermal conditions.
2. OSDA-free Interzeolite Conversion of FAU and BEA Type Zeolites under Various
Hydrothermal Conditions Interzeolite conversion of FAU type zeolites was conducted using only alkaline metal hydroxides in the absence of seed crystals ( Table 3) 44) . Using NaOH as both the alkali source and the inorganic SDA, GIS type zeolite was obtained from FAU type zeolite, whereas using KOH, LTL type zeolite was obtained. For comparison, zeolite synthesis was carried out via conventional hydrothermal synthesis using amorphous materials of fumed silica (Cab _ O _ Sil M5) and NaAlO2 as the initial Si and Al sources, but no zeolite phase was obtained. GIS type zeolite contains the composite building units dcc and gis, whereas LTL type zeolite contains d6r, can, ltl, and dsc units ( of composite building unit between the starting and product zeolites, suggesting that interzeolite conversion would not occur. However, a 4 MR chain is present in all these composite building units that serves as the common element, suggesting that nanoparts formed from the starting FAU type zeolite in the presence of Na and K cations are similar to the GIS and LTL type zeolite precursors, respectively. MOR type zeolite was obtaind instead of GIS and LTL type zeolites in the interzeolite conversion of FAU type zeolite with higher Si/Al ratios. MOR type zeolite was also formed at higher temperature. The initial amorphous gel prepared from Cab _ O _ Sil M5 and NaAlO2 also gave MOR type zeolite, and FAU and MOR type zeolites have no common composite building unit, suggesting that the structures of the nanoparts produced from FAU type zeolite with high Si/Al ratios or under high-temperatures could be similar to those of aluminosilicate species derived from amorphous aluminosilicate gel. However, extensive decomposition of the staring FAU type zeolite must occur.
To further confirm the importance of this structural similarity, hydrothermal conversion of FAU type zeolite was carried out in the presence of FER seed crystals with a Si/Al ratio of 25 ( Table 3) 44) . FAU and FER type zeolites have no structural similarities ( Table 2) . FAU-FER interzeolite conversion occurred at 150 . However, pure GIS type zeolite was obtained even in the presence of FER seed crystals at 125 . In contrast, FER type zeolite was obtained from amorphous materials regardless of synthesis temperature. These results indicate that the structure of the nanoparts produced by decomposition/dissolution of FAU type zeolite is strongly dependent on the synthesis conditions such as Si/Al ratio and temperature. Under mild hydrothermal condition (125 ), nanoparts with a 4 MR chain structure are produced from the starting FAU type zeolite, resulting in the formation of GIS type zeolite through the assembly of these nanoparts. However, at higher temperature (150 ), FAU type zeolite decomposes to yield aluminosilicate species similar to those formed from amorphous starting materials. The structure of the aluminosilicate species is rather similar to that of the 5 MR-containing precursor of FER type zeolite, so is probably incorporated into the FER seed crystals.
BEA type zeolite contains the composite building units of mor, bea, and mtw, which are formed of 4 MR and 5 MR. Therefore, the transformation behavior of BEA type zeolite is likely to be different to that of FAU type zeolite. We investigated the transformation behavior of BEA type zeolite in the absence of OSDA under various synthesis conditions 44) . As indicated in Table 4 , although BEA type zeolite did not decompose completely even after 7 days, MOR type zeolite phase was observed, suggesting that the starting BEA type zeolite is stable under these hydrothermal synthesis conditions, and that the formation of MOR type zeolite is due to the common composite building unit mor.
As described above, the OSDA-free synthesis of LEV and MAZ type zeolites can be achieved by hydrothermal conversion of FAU type zeolite in the presence of seed crystals 39), 40) . Based on this finding, we investigated the effect of adding seed crystals on the OSDAfree interzeolite conversion of BEA type zeolite 44) . The addition of LEV seed crystals led to the formation of LEV type zeolite. However, MOR type zeolite was also present in the product. Conversely, addition of MAZ seed crystals led to the formation of pure MAZ type zeolite, although the yield was lower than that obtained by interzeolite conversion of FAU type zeolite. FAU, LEV, and MAZ type zeolites contain composite building units formed mainly of 4 MR, whereas BEA and MOR type zeolites contain composite building units formed of 4 MR and 5 MR. Decomposition of FAU type zeolite apparently yields many 4 MRcontaining composite building units compared to decomposition of BEA type zeolite. Therefore, the difference in the yield of MAZ type zeolite in seen in interzeolite conversion starting with FAU and BEA type zeolites is due to the difference in the amount of available 4 MR-based building units.
If our hypothesis is correct, BEA type zeolite is suitable for the synthesis of zeolites containing only 5 MR-based composite building units. To confirm this prediction, hydrothermal conversion of BEA type zeolite was carried out in the presence of FER seed crystals, which contain the fer composite building unit formed of only 5 MR 44) . As expected, pure FER type zeolite was obtained. From these results, we concluded that the structures of nanoparts could be altered through the choice of starting zeolite, indicating that zeolite synthesis can be controlled by selective assembly of building units with specific structures.
Seed and OSDA-free Interzeolite Conversion
1. Transformation of LEV into CHA
To confirm the validity of our hypothesis that structural similarity between the starting zeolite and the final crystallized zeolite is the crucial factor for zeolite crystal growth, we investigated the LEV-CHA transformation in the absence of both OSDA and seed crystals. As can be seen in Table 2 , these zeolites have similar composite building units. Figure 5 shows the XRD patterns of the products obtained at various hydrothermal treatment times 42) . The findings clearly show that the starting LEV type zeolite decomposed into an amorphous phase, and then the pure CHA type zeolite crystallized after 1.5 h of hydrothermal treatment. At longer treatment times, the peaks corresponding to the CHA phase decreased, and peaks corresponding to the GIS and ANA phases together with a small amount of FAU phase were observed after 8 h of hydrothermal treatment. Finally, pure ANA type zeolite was obtained after 24 h. Therefore, a transformation sequence from LEV an amorphous phase CHA ANA was observed. Although the GIS, ANA, and FAU type zeolites were formed from amorphous aluminosilicate hydrogel prepared using Cab _ O _ Sil M5 and NaAlO2, no formation of CHA type zeolite was observed, which indicates that the transformation of LEV type zeolite to metastable CHA type zeolite is a kinetically controlled process, whereas the transformation to the most stable ANA type zeolite is a thermodynamically controlled process. To the best of our knowledge, this is the first report on the transformation of LEV type zeolite into less dense CHA type zeolite.
2.
BEA-MFI Interzeolite Conversion MFI type zeolite contains the composite building units cas, mel, mfi, and mor consisting of 4 MR and 5 MR, indicating that the mor unit is the common building unit between BEA and MFI type zeolites. On this basis, we attempted to synthesize MFI type zeolite by interzeolite conversion of BEA type zeolite in the absence of both OSDA and seed crystals 44) . As expected, BEA-MFI interzeolite conversion was observed using BEA type zeolites with high Si/Al ratios as the starting material. Moreover, MFI type zeolite was not obtained using FAU type zeolite or amorphous aluminosilicate gel as the starting materials. These results imply that nanoparts produced by the dissolution/ decomposition of BEA type zeolites are involved in the nucleation and crystal growth of MFI type zeolite.
As shown in Fig. 6 , the outer surfaces of the MFI crystals obtained were very rough, and a large number of macropores were observed. However, the surface became smoother with longer hydrothermal treatment time. Figure 7(A) shows the N2 adsorption-desorption isotherms of MFI type zeolites at various reaction times. A clear hysteresis loop was observed for MFI type zeolite obtained after 6 h, but at longer reaction times (12 and 24 h), the hysteresis loop became less pronounced, and the BET specific surface areas (6 h: ) decreased. Mesopore size analysis by the BJH method yielded broad peaks of 2 to 4 nm (Fig. 7(B) ). The number of mesopores decreased with increasing synthesis time, indicating the elimination of mesopores by crystal growth of the MFI type zeolite. Although we do not have enough data to explain the exact formation mechanism of mesopores at the present time, we speculate that BEA type zeolite crystals are relatively stable under the present interzeolite conversion conditions and yield slightly large nanoparts as compared to FAU type zeolite crystals, so assembly results in formation of mesopores within MFI type zeolite crystals.
Based on the above results, we concluded that mesoporous MFI type zeolites can be readily synthesized from BEA type zeolites by the interzeolite conversion method. The formation of mesoporous zeolites has been actively sought as a way to overcome the diffusion limitation of reagents and products. There are several approaches for synthesizing mesoporous zeolites, such as the use of carbon particles as hard templates 50) , the use of organosilane surfactants as soft templates 51) , and, more recently, the desilication method 52) . Therefore, the interzeolite conversion method provides a new route for creating mesopores in zeolites, although the need for two steps (synthesis of starting zeolite and hydrothermal conversion) and the lower product yield presents major problems.
Synthesis and Applications of High-silica CHA
Type Zeolite from FAU Type Zeolite
1. Catalyst for Ethanol to Olefin Reactions
CHA type zeolites with a wide range of Si/Al ratios (13.4-21.5) were obtained with shorter crystallization time by adding seed crystals in the presence of BTMAOH. Catalytic performance for ethanol conversion to light olefins was evaluated. Figure 8 shows the relationship between the Si/Al ratio and initial ethylene and propylene yields at 0.5 h time-on-stream 42) . The ethylene and propylene yields were strongly dependent on the Si/Al ratio, and the maximum propylene yield of about 48 C-% was obtained at the Si/Al ratio of about 15. On the other hand, the ethylene yield tended to increase with higher Si/Al ratio. The product distribution in the zeolitic ethanol conversion process is well known to strongly depend on the acidity as well as the channel structure of the zeolite, and ethanol is considered to first convert to ethylene and then subsequently to higher hydrocarbons by oligomerization of ethylene on the acid sites. Cracking of higher hydrocarbons on the acid sites is also considered to generate propylene. Therefore, the observed relationship between the Si/Al ratio and the initial ethylene and propylene yields seems to be related to the characteristics of both oligomerization of ethylene and cracking of higher hydrocarbons on the acid sites.
2. Acid Stability
To ascertain the acid-resistance of high-silica CHA type zeolites, the CHA type zeolite samples were treated with a 90 vol% acetic acid aqueous solution at 75 for 5 days. Figure 9 shows the relationship between the Si/Al ratios prior to and subsequent to the acetic acid treatment 43) . No differences were observed between these Si/Al ratios for CHA type zeolites synthesized by the interzeolite conversion method. Conversely, notable differences were observed in the SSZ-13 zeolite synthesized with TMAda , particularly the SSZ-13 with a Si/Al ratio of 17. Specifically, the acid treatment enhanced dealumination of the SSZ-13. These results indicate that the high-silica CHA type zeolite synthesized by hydrothermal conversion of FAU type zeolite has superior composition stability compared to the SSZ-13 zeolite. The high acid stability of the high-silica CHA type zeolites synthesized by the interzeolite conversion method was further confirmed by treatment with several mineral acid solutions, including 5 M HCl, H2SO4, HNO3, and H3PO4.
Our previous study found that the dealumination rate of MFI type zeolite with a large number of silanol groups (structure defects) is larger than that of zeolite with small defects 53) , and results in structural collapse. To clarify the effect of structure defects on the acid stability, the chemical states of the silicon in the CHA type zeolites synthesized by interzeolite conversion and in SSZ-13 were investigated by 29 Si MAS NMR with and without 1 H _29 Si cross polarization (CP). Figure 10 shows the 29 Si MAS NMR spectra of CHA type zeolite and SSZ-13 43) . Three peaks were observed centered at (0Al), respectively. The peak intensity at about -100 ppm was enhanced in the CP spectrum. This enhancement was greater for SSZ-13 than for CHA type zeolite, strongly indicating a large number of connectivity defects in the zeolite framework of SSZ-13, resulting in lower acid stability.
3. Membrane for Dehydration of Acetic Acid
Aqueous Solution CHA type zeolite membrane was prepared on porous α-alumina tube using secondary growth techniques, consisting of deposition of CHA seed crystals obtained by the interzeolite conversion method on the support followed by crystal growth under the interzeolite conversion condition in the presence of FAU type zeolite and BTMAOH. The membrane surface was covered with small crystals of size less than 1 μm. The thickness of the membranes was about 2 μm. The surface Si/Al ratio determined by EDX was 16-20, indicating the formation of a high-silica CHA type zeolite membrane on the alumina support. The pervaporation performance of the high-silica CHA type zeolite membrane was evaluated by the dehydration of 50 wt% acetic acid aqueous solution at 75 43) . The permeate flux and separation factor, α(H2O/CH3COOH), were 7.9 kgm -2 h -1 and about 2500, respectively, and the membrane performance was identical to that of the commercially available NaA type zeolite membranes used for the dehydration of alcohol solution 54) . The leak acetic acid concentration was about 0.04 wt%. The membrane performance was the highest among the zeolite membranes developed by several research groups, such as the MFI, MOR, T, and MCM-22 type zeolite membranes previously reported 55) 58) . No change in the pervaporation performance was observed in either flux or separation factor during the time courses, indicating the high acetic acid stability of the CHA type zeolite membrane.
Insight into the Interzeolite Conversion Process
1. Identification of Intermediate Phases during
FAU-BEA Interzeolite Conversion First, we investigated the hydrothermal conversion process of FAU type zeolite into BEA type zeolite using TEAOH as the OSDA in the absence of BEA seed crystals by the XRD technique. As shown in Fig. 11 33) , the typical XRD peaks corresponding to FAU type zeolite remarkably disappeared after heating for 2 h, and the peaks corresponding to BEA type zeolite were initially observed after heating for 24 h. Presumably the FAU type zeolite decomposed and the nucleation of BEA type zeolite occurred during this period. To follow the microscopic changes during the conversion, the intermediate phases were subjected to several analyses. FTIR spectroscopy can observe the lattice vibrations of zeolites based on the vibration frequencies in the range between 200 and 1500 cm -1 . Figure 12 shows the FTIR spectra of ring vibrations for the phases involved in the conversion process 33) . As can be seen in Fig. 12(a) , sample heated for 0 h exhibited the typical ring vibrations of FAU type zeolite. Four well-identified sharp peaks at 468, 485, 530, and 613 cm -1 were observed. The peaks at 468 and 485 cm -1 were attributed to the internal T _ O _ T bending vibrations; and the peaks at 530 and 613 cm -1 were assigned to the external T _ O _ T bending vibration and double six-membered ring (D6R) vibration, respectively. After 2 and 18 h heating of FAU, the peaks corresponding to these FAU type zeolite framework vibrations disappeared and only broad peaks were observed (Figs.  12(b) and (c) ). Figure 12(d) shows the spectrum of the 24 h heated sample. Four distinct peaks could be identified. The peak at 474 cm -1 was assigned to the internal T _ O _ T bending vibration; and the peak at 525 cm -1 was external T _ O _ T bending vibration. The intensity of the peak at 525 cm -1 became higher, indicating that more crystalline BEA type zeolite crystals were formed after 24 h heating. The peak at 575 cm -1 was attributed to the 5 MR vibration. The spectrum of highly crystalline BEA type zeolite (Fig. 12(e) ) exhibited more intense peaks compared to the peaks in Fig. 12(d) , indicating a more ordered microscopic arrangement.
Zeolitic subunits can be stabilized through the base hydrolysis of ZSM-5 in the presence of cetyltrimethyl- . This finding strongly suggests that CTA cations have a functionality to stabilize zeolitic precursors, seeds and/or fragments besides the main functionality as a supermolecular template. Therefore, locally ordered aluminosilicate species could be preserved during the hydrothermal conversion of zeolite in mesoporous materials prepared with CTA cations. Further investigation of the properties of mesoporous products is likely to provide useful information that may explain the mechanism of hydrothermal conversion of zeolite.
The preparation of mesoporous materials from the intermediate phases present during hydrothermal conversion of FAU type zeolite into BEA type zeolite was carried out. The intermediate phases were obtained at different times of hydrothermal conversion of FAU in the presence of TEAOH. Cetyltrimethylammonium bromide solution was added to the intermediate phases, followed by additional hydrothermal treatment at 150 for 5 days. Hydroxyl groups in the mesoporous products were studied based on the FTIR spectra of OH groups stretching vibration region (Fig. 13) 33) . In the mesoporous sample obtained after 2 h heating of FAU ( Fig. 13(A)(a) ), a strong peak assigned to the isolated terminal silanol groups was observed at 3747 cm -1 . In the mesoporous sample obtained after 24 h heating of FAU, a strong peak at 3610 cm -1 attributed to the acidic bridging OH groups of Si(OH)Al was observed, associated with the BEA type zeolite peak was observed by XRD ( Fig. 13(B)(c)) . Surprisingly, in the case of the mesoporous sample obtained after 18 h heating of FAU, a weak band attributed to the acidic bridging OH groups of Si(OH)Al was also observed, although no BEA type zeolite peak was observed by XRD ( Fig. 11(c) ). To our knowledge, such evidence for the presence of acidic bridging OH groups of Si(OH)Al within mesoporous aluminosilicates has not been reported elsewhere.
The peak at 3610 cm -1 completely disappeared after pyridine adsorption; indicating that strong acidic bridging OH groups are present in the intermediate phase after 18 h heating of FAU and then interact with pyridine molecules. The presence of acidic bridging OH groups indirectly provides adequate evidence for the presence of locally ordered aluminosilicate species, which are sufficient to develop zeolitic Brönsted acid sites in the amorphous intermediate phase obtained after 18 h heating of FAU. All these results suggest that during FAU-BEA interzeolite conversion in the presence of TEAOH, FAU type zeolite crystals undergo decomposition into small and locally ordered aluminosilicate species.
2. Analysis of Liquid Phase during Interzeolite
Conversion Many reports have investigated the crystallization process of zeolite by several techniques such as XRD, NMR, and TEM. Electrospray ionization mass spectroscopy (ESI-MS) also has great potential for the analysis of structures of oligomeric aluminosilicate species . Therefore, we applied this technique to get a better understanding of interzeolite conversion process. ESI-MS spectra of aqueous solutions obtained at the initial s t a g e o f FAU -B E A ( T E AO H ) a n d FAU -RU T (TMAOH) interzeolite conversions are shown in Interestingly, T6-4W, T8-3W, and T8-5W species were detected only in the ESI-MS spectrum of FAU-BEA interzeolite conversion in the presence of TEAOH. As can be seen in Fig. 14(B) , these species consist of four-membered ring (4 MR) chains. Investigation of the crystallization mechanism of BEA type zeolite using high energy X-ray diffraction measurements found that pseudo-BEA structure is formed by connecting 4 MR structures such as double three-membered rings . The 4 MR chain structure is consistent with that of the chemical species detected by ESI-MS.
Mass numbers of aluminosilicates in chemical species clustered with cations in liquid phase after 2 h of hydrothermal conversion of FAU type zeolite and amorphous materials are listed in Table 5 . Clearly the alumino silicate species detected are distributed diagonally, which implies that the dehydration-condensation reaction between aluminosilicate species occurs during the interzeolite conversion process. Aluminosilicate species with larger m/z values were detected in the ESI-MS spectrum of FAU-BEA interzeolite conversion as compared to the synthesis of BEA type zeolite from amorphous materials. Detection of aluminosilicate species with larger m/z values as nanoparts seems to support the fast crystallization rate for interzeolite conversion.
Conclusions
We succeeded in synthesizing many types of zeolites by interzeolite conversion of several types of zeolites, and found that the structural similarity between the starting zeolite and the final crystallized zeolite is the crucial factor for interzeolite conversion. Our finding confirmed that the interzeolite conversion route is an attractive strategy for zeolite synthesis. However, to establish the interzeolite conversion route as an alternative zeolite synthesis method, we must further characterize the chemical structures of nanoparts generated from the starting zeolite.
Layered silicates are also important for zeolite synthesis 64) . The silanol groups on the interlayer surfaces of layered silicates are condensed between the layers, and the layered structures are transformed into zeolitelike 3-D structures, a process that is called topotactic conversion. If the crystal structures of the nanosheets of layered silicates can be determined, we can easily predict the framework structures of zeolites that are obtained by topotactic conversion via interlayer dehydration-condensation. Therefore, we are also interested in the synthesis of novel layered silicates with unique crystal structures. Very recently, we succeeded in synthesizing two new layered silicates, HUS-1 (Hiroshima University Silicate-1) and HUS-2 as shown in Fig. 15 65), 66) , and zeolitization is now in progress. -0W  -1W  -2W  -3W  -4W  -5W  -6W  -7W  -8W T-1 95
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